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Abstract 
This study focuses on the synthesis of silica-based organic hybrids that can be used as fillers in plastics or adhesives with 
the aim of reducing their cost and improving the mechanical properties. Essentially, this work is intended to develop hybrid 
materials based on silica, with different surface properties modified by techniques such as functionalization using 3-
aminopropyl triethoxysilane (APS) and 1,1,1,3,3,3 hexamethyldisilazane (HMDS) reagents as SiO2 modifiers with a view 
to their future employment as fillers in plastic films to be used as covers for different fruits. The materials were 
characterized by X-ray diffraction (XRD), transmission electron microscopy (TEM) and scanning electron microscopy 
(SEM), textural properties, wettability measurements, and potentiometric titration with n-butylamine. Hydrophobic silicas 
were obtained when, in their synthesis, APS and HMDS were added as modifiers. Besides, their addition caused a large 
effect on the textural characteristics. The titration of the acidic sites of the modified silicas showed a sharp decrease in 
acidity compared to the unmodified silica. The TEM micrographs of the synthesized samples showed that the increase in 
HMDS amount aided to maintain the spherical shape of pure silica, increasing the formation of agglomerations and the 
primary particle size. 
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1. Introduction 
Fruits and vegetables are key ingredients in many processed foods. Consumers are increasingly demanding 
more food products that retain their nutritional value. Smell and texture should be maintained as that of the 
fresh product, containing few additives such as preservatives. Today, and in relation to the above points, the 
films are becoming very technically sophisticated products, which require a mastery of the chemical synthesis 
routes and a broad enough knowledge of the possibilities posed by the incorporation of additives. In this sense, 
it could be said that the most important application of sol-gel technology is the preparation of films to exploit 
properties such as chemical composition and mechanical resistance, among others (Bergna, 1994). An additive 
is a substance that, when included in the formulation of a polymer such as films, substantially modifies its 
properties. Silica, alumina, and many other inorganic fillers have been added to polymeric matrices to modify 
their rheological (Bergna, 1994; Martín Martínez et al., 1995; Torró Palau et al., 1997), and mechanical 
properties (Gagliardi et al., 2001), and others such as opacity (Osinska et al., 2009), conductivity and 
permeability through the final material (Zoppi et al., 2000). Silica has good mechanical properties, thermal 
stability, and the homogeneous combination of organic and inorganic fractions in a single phase gives unique 
possibilities (Tiwari et al., 2007). The modification of the surface of siliceous materials by covalent binding 
with organic species, in particular organosilanes, is being studied for the design of hybrid materials with 
properties directed towards advanced technological applications, such as hydrophobicity (Maciá Agulló et al., 
1993). 
The objective of this work is the synthesis and characterization of silica-based hybrid materials by the sol-
gel method, using tetraethyl orthosilicate (TEOS) as a precursor and acetic acid as a catalyst for the hydrolysis 
of the alkoxide in the presence of APS and HMDS as modifiers. The final use of the synthesized materials is as 
fillers in plastic films to coat fruit. These compounds, which will be used as modifiers, may be harmful if eaten 
directly, but the idea of this work is to incorporate these fillers to films that will be in contact with the fruit. The 
possible migration between films and fruit will be studied in the future. 
The silicas were characterized by different physicochemical techniques, such as XRD, TEM, SEM, study of 
the textural properties and wettability, and potentiometric titration with n-butylamine. It is important to note 
that these silicas are synthesized to seek for an alternative to the commercial ones, both from the point of view 
of their environmentally friendly synthesis and from the attempt to not alter the characteristics of the fruits with 
which they will come into contact.  
2. Experimental 
2.1. Synthesis of the modified nanosilicas 
The modified silicas were synthesized by the sol-gel method under N2 atmosphere, using tetraethyl 
orthosilicate (TEOS) as a precursor and acetic acid as a catalyst for the hydrolysis of the alkoxide. The amount 
of modifier was varied in order to obtain different structures of siliceous gel, 3-aminopropyltriethoxysilane 
(APS) and 1,1,1,3,3,3-hexamethyldisilazane (HMDS) being used for that purpose. The volumetric ratio used 
for the synthesis of these silicas was 3.4:1.35:1:0.5-2 of alkoxide:ethanol:acetic acid:modifiers, respectively. A 
given amount of ethanol and acetic acid, which was added to TEOS, was first placed in a container to obtain 
each of the silicas. Then the modifiers were added along with water in a molar ratio of water/TEOS between 
3.7 and 14.0. The mixture was allowed to stand and then the obtained solid was washed with ethanol. In all 
cases, the final product was obtained by drying at room temperature.  Table 1 lists the nomenclature and 
reagent amounts used in the synthesis of the different samples.  
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2.2. Characterization techniques 
The textural properties of the nanosilicas were determined from N2 adsorption desorption isotherms at 77K 
in Micromeritics Accusorb 2100 equipment (USA).  
Table 1. Nomenclature and synthesis parameters of the modified nanosilicas 
Chemical SM-I SM-II SM-III SM-IV SM-V SM-VI SM-VII SM-VIII 
TEOS (ml) 34 24 19 14 9 19 14 9 
APS (ml) - 5 5 5 5 10 15 20 
HMDS (ml) - 5 10 15 20 5 5 5 
Total (ml) 34 34 34 34 34 34 34 34 
 
The X-ray diffraction (XRD) patterns were obtained in Philips (Holland) PW-1390 (channel control) and 
PW- 1394 (motor control) equipment coupled to a scanning graphical recorder. Cu K  (  = 1.5417 Å) radiation 
was used with Ni filter, 20 mA and 40 kV in the voltage source, a 5-60° 2  scanning angle range, a scanning 
rate of 2°/min and 2000 counts/sec for the amplitude of the vertical scale.  
The potentiometric titration with n-butylamine was carried out with a digital Hanna Instruments pH 211 
microprocessor (made in Switzerland), using a double-junction electrode calibrated with pH 7.01 and 4.01 
buffer solutions. The n-butylamine in acetonitrile solution (0.05 N) was added at 0.025 ml/min rate to 0.05 g of 
sample previously suspended in acetonitrile (90 ml) and stirred for 3 h. 
The scanning electron microscopy (SEM) micrographs were obtained in Philips 505 equipment (Holland), 
using a voltage of 15 kV; samples were supported on graphite and metallized with a sputtered gold film. The 
micrographs were obtained with an ADDAII acquisition device (Soft Imaging System). 
The transmission electron microscopy (TEM) micrographs were obtained in a Jeol instrument, JEM-2010 
model (Tokyo, Japan). On the microscope grid, a cellulose acetate butyrate film dissolved in ethyl acetate was 
placed, and then some drops of glycerin were added. 
For the wettability test, the nanosilicas were examined with different solvents to characterize their 
hydrophobic/hydrophilic behavior. Bidistilled water and ethanol were used as test solvents. A 0.25 g sample 
was weighed in a Petri dish and 2.5 ml of solvent was added dropwise. 
3. Results and Discussion 
The chemical reagents used for the synthesis of the gel are mainly a precursor, a solvent, water, a catalyst 
and additives. By choosing appropriate precursors and process conditions, the porosity and the chemical nature 
of the interface can be controlled. The variety of ligands that can be incorporated into the gel allows an almost 
infinite range of hydrophilic-hydrophobic or acid-base characteristics. Likewise, the possibility of 
incorporating organic compounds in inorganic oxide matrices offers new and interesting perspectives for the 
matrix of controlled release systems, e.g., systems for food preservation (Bottcher et al., 1999). 
To analyze the morphological properties of the synthesized silicas, a TEM micrograph of pure silica (SM-I 
sample) (Figure 1), which was synthesized in the absence of the modifiers, was firstly observed. Such silica has 
a particle size not exceeding 12 nm (nanoparticle) and an oval or spherical shape. It was decided, therefore, to 
maintain constant the amount of water, acetic acid and ethanol employed in this synthesis for preparing the 
modified silicas. As shown in Table 1, the amount of TEOS to obtain a constant total amount of reagents varies 
according to the sample. The amount of APS remains constant in the SM-II to SM-V samples and then 
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increases until the SM-VIII sample. Conversely, the amount of HMDS increases from SM-II to SM-V samples 
and remains constant until the SM-VIII sample. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. TEM micrograph of SM-I nanosilica (Bar: 100 nm). 
The results of the textural characterization of the synthesized silicas are presented in Table 2 and Figure 2.  
Table 2. Textural properties of the synthesized silicas.  
Sample 
SBET 
(m2/g) 
Smicro 
(t-plot analysis) 
(m2/g) 
Pore Diameter 
(BET analysis) 
(Å) 
Pore Diameter  
(BJH method) 
(Å) 
Pore Volume 
(BJH method) 
(cm3/g) 
SM-I 517.4 405.4 18.5 25.5 0.05 
SM-II 133.7 39.0 32.5 38.8 0.09 
SM-III 69.3 11.7 75.6 108.7 0.14 
SM-IV 2.5 - 42.0 - - 
SM-V 3.3 - 88.9 100.9 0.01 
 
With respect to the SM-I sample, the nitrogen adsorption isotherm, within the classification given by 
Brunauer et al., 1940, corresponds to Type I, characteristic of microporous solids (Figure 2a), and the specific 
surface area (SBET) is 517.4 m2/g. With regard to the SM-II sample, the SBET is 133.1 m2/g, noticing a large 
decrease in the surface area when APS and HMDS are incorporated in the synthesis in the same amount. The 
hysteresis of the isotherm indicates that it presents slit-shaped pores and has the characteristics of mesoporous 
silica as the isotherm corresponds to Type IV (Figure 2b). 
In the SM-III sample (Figure 2c), in which the amount of HMDS increases and APS remains constant with 
respect to SM-II but TEOS decreases, the SBET is lower (69.3 m2/g) and the pore diameter values indicate the 
presence of mesoporous silica, although macropores may be present in the structure. From this sample, SM-IV 
(Figure 2d) and SM-V (Figure 2e) have very low SBET values, 2.5 and 3.1 m2/g, which can be considered within 
the experimental error of the technique used. In turn, the hysteresis of the isotherms is very difficult to analyze 
due to its unusual behavior. The textural properties of the SM-VI and SM-VII samples, where the amount of 
HMDS remains constant, APS increases and TEOS decreases, cannot be measured because their structure tends 
to be like a rubber band, as is actually the SM-VIII sample where the largest amount of APS was used.  
 
Following the characterization of the synthesized silicas, the potentiometric curves obtained are shown in 
Figure 3. Since the method used is based on the difference of the electrode potential (E), which is determined 
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mainly by the acid environment around its membrane, the measured electrode potential is an indicator of the 
acidic properties of the dispersion of the solid particles. It was observed that the titration of acid sites of the 
different silicas does not follow a unique pattern. The SM-I sample presented a very strong initial acid strength 
(the initial electrode potential (Ei) is 540 mV), while for the SM-II sample Ei steeply fell to 40 mV. This 
decrease may be due to the presence of APS and HMDS on the silica surface, influencing the number of sites 
covered with hydrophobic compounds such as HMDS. This is corroborated in the SM-III sample, which 
presented an Ei of 10 mV when the amount of HMDS increased, keeping the APS amount constant. 
Fig. 2. N2/77K adsorption isotherms of  SM-I (a), SM-II (b), SM-III (c), SM-IV (d) and SM-V (e) nanosilicas. 
Fig. 3. Potentiometric curves of SM-I sample and modified silicas. 
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The SM-IV sample showed an anomalous behavior with respect to the two previous silicas; it presented an 
initial potential of 60 mV, but the titration curve fell more sharply than that of the SM-III sample. The same 
behavior was observed for the SM-V sample with a higher amount of HMDS. In the case of the SM-VI and 
SM-VII samples, where APS amount increases while HMDS remains constant, the initial potential values 
increased from 32 to 62 mV, which may be due to the presence of some hydrophilic surface sites that increase 
the interaction. 
In relation to the wettability, it is known that the wetting of a solid surface by a liquid is governed by the 
chemical properties of the solid and the surface morphology (Morra et al., 1989). The modified silica 
photographs show the loss of hydrophilicity as the HMDS amount increases (Figure 4). This compound reacts 
with the silanol groups of the silica particles, replacing them easily and surrounding the particles (Xu et al., 
2005), so that it can be considered that their interaction is of umbrella type on the silanols of pure silica. Bhagat 
and Rao, 2006, found that the enrichment of methyl groups on the surface of the particles determines the 
hydrophobicity. In some cases, such as the SM-VI and SM-VII samples, the hydrophobicity was measured with 
ethanol, and the formation of emulsions can be seen due to the mixture of APS and HMDS in the silica 
structure (Figure 5).  
 
Fig. 4. Water wetting test of SM-I, SM-II, SM-III, SM-IV and SM-V samples. 
 
 
 
 
 
 
 
 
Fig. 5. Ethanol wetting test of SM-VI and SM-VII samples.  
Regarding the SEM micrographs, a characteristic morphology of bulk silica was observed for the SM-I 
sample. As shown in Figure 6, in the SM-II sample a spherical morphology began to appear, which was diluted 
in the SM-III sample when the HMDS amount increased and that of TEOS decreased. The SM-IV and SM-V 
samples have a similar surface grain size, i.e., when there is a very large amount of HMDS with respect to that 
of APS, the particles can acquire the shape of sheets and a tendency to crack, which was not observed in the 
other synthesized silicas. The SM-VI sample presented an indication of formation of spherical particles due to 
the presence of APS, but when its content is in the same amount as TEOS, the laminar shape predominates, 
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tending to an elastic rubber-type structure, which was directly displayed in the SM-VIII sample. This is why 
the latter could not be characterized by the methods used in this work. 
 
Fig. 6. SEM micrographs of SM-I (a), SM-II (b), SM-V (c) and SM-VI (d) nanosilicas. Scale: 50 m (a and c), 20 m (b and d).   
 
When analyzing the TEM micrographs of the SM-II, SM-III and SM-IV samples (Figure 7b), prepared with 
a constant amount of APS, varying that of HMDS, it can be observed that the shape of the original silica is 
maintained, though increasing the agglomerations, and a larger particle size than that of pure silica can also be 
seen. Besides, the presence of flocs in the crystal network of the sample can be glimpsed. These formations 
were drifting in a visible deformation of particles as shown in the micrograph of  the SM-V sample (Figure 7c). 
By comparing the TEM micrographs of the SM-II and SM-VI samples (Figures 7b and 7d), the deformation 
that occurred as a result of the increase in the APS content, with a constant HMDS amount, is visible. It can be 
assumed that the modifier is not only found on the surface of the silica, but it also forms part of its crystal 
lattice, and the flocs are accumulated excesses of the modifier interacting with the silanol and siloxane groups 
in the gel network. This different morphology may be assigned to the presence of APS because, like HMDS, it 
forms part of the silica network, but with higher interaction due to the presence of the amino group. This 
deformation gives a gummy texture to the solid, which was glimpsed in the SM-VII sample and was clearly 
visible in the SM-VIII. The micrograph of the SM-VII sample indicated that the oval shape has been lost, the 
agglomeration of the original particles becoming laminar.  
Fig. 7. TEM micrographs of SM-I (a), SM-II (b), SM-V (c) and SM-VI (d) nanosilicas. Scale: 20 nm.   
The X-ray diffraction patterns of the SM-I, SM-II, SM-III, SM-V and SM-VI samples presented an 
amorphous morphology. This uniform feature is independent of the compound used in their synthesis, because 
the SM-I silica was prepared using only TEOS, while the rest were modified by the addition of APS and 
HMDS. The diffraction band placed at around 23° is characteristic of amorphous silica (Pakizeh et al., 
2007). 
20 nm 20 nm 20 nm 20 nm 
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4. Conclusions 
The textural characteristics of the silicas synthesized using APS and HMDS showed a marked effect due to 
their addition. The specific surface area, SBET, decreased with respect to that of the unchanged silica as the 
HMDS amount increased, and the mesoporosity increased. The analysis of the TEM micrographs showed that 
the increase in the added HMDS led to maintaining the spherical shape of pure silica, increasing the formation 
of agglomerations and also the primary particle size. The presence of flocs in the crystalline network was 
glimpsed, leading to a deformation of the particles. On the other hand, a high APS amount caused a visible 
distortion, indicating that the modifier is not only lying on the surface of the silica, but also in its network; a 
fact that may be assigned to the increased interaction due to the amino group of the added compound. This 
effect could cause the SBET decrease in the different samples. 
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